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Abstract 
 
This thesis presents a new high performance burnable absorber (BA) design and a Zircaloy reflector 
design for advanced Pressurized Water Reactors (PWRs) with the aim of enabling long-cycle operation 
with a low soluble boron concentration. The new BA consists of a UO2-157Gd2O3 rod covered with a 
thin layer of Zr167Er2. A key feature of this new BA is that enriched isotopes, 157Gd and 167Er, are used 
as absorber materials. Since the high absorption cross section of 157Gd can reduce the mass fraction of 
Gd2O3 in UO2-Gd2O3, the thermal margin of fuel rods will increase with higher heat conductivity. Also, 
the 157Gd transmutes into 158Gd by neutron absorption and therefore the residual penalty at the end of 
cycle (EOC) will decrease. Since 167Er has a resonance near the thermal neutron energy region, the 
moderator temperature coefficient (MTC) will become more negative, and the control rod worth will 
increase. The Zircaloy reflector reflects fast neutrons due to the cross section of zirconium. Recoiled 
neutrons are moderated to thermal neutrons which affect fuel assemblies (FAs) of the peripheral core. 
There are three cases for the verification of Zircaloy reflectors: water, stainless steel (SS) and Zircaloy. 
The above mentioned advantages of the new BA and the reflector are demonstrated with three 
verification cases: a 17x17 Westinghouse (WH) type fuel assembly, a 16x16 Combustion Engineering 
(CE) type fuel assembly, and an OPR-1000 equilibrium core. 
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I. Introduction 
There are two primary utility requirements for GEN III+ Pressurized Water Reactors (PWR) [1]. 
The first one is a long cycle operation. Table 1 from reference 2 shows the relationship between cycle 
length and core characteristics such as initial fuel loading, amount of burnable absorber (BA), critical 
boron concentration, and the Moderator Temperature Coefficient (MTC). It should be noted that, for 
the increase of cycle length from 12 months to 24 months, the number of fuel assemblies (FAs) needs 
to increase by more than twofold. The average 235U enrichment in the core also increases by about 0.4 
w/o [2]. When the amount of fuel increases, the amount of BA and the boron concentration also need 
to increase in order to control the increased initial excess reactivity. The disadvantage of a higher critical 
boron concentration is that the MTC is less negative or even slightly positive, which can impair safety 
in the event of an Anticipated Transient without Scram (ATWS). The second requirement is a low boron 
concentration operation. For low-boron operation, the amount of burnable absorber (BA) needs to 
increase, which will create the disadvantage of a shorter cycle length due to the increased residual 
penalty and the reduced amount of uranium loading. In addition, it becomes harder to control power 
peaking during operation when there is a higher amount of BA in the core. 
 
Table 1. Core Parameters vs. Fuel Cycle Length*) 
Cycle Length (Month) 12 18 24 
Number of Feed FA 
One-batch 
60 
Two-batch 
64/28 
Two-batch 
104/44 
Enrichment (235U w/o) 4.160 4.545/4.940 4.545/4.950 
Number of IFBAs 2752 9664 12240 
Number of WABAs 0 0 1728 
Boron concentration at HZP (ppm) 1245 1957 2132 
MTC (pcm/°F) +2.5 +4.4 +4.5 
    *) reference 2 
 
Most LWRs use BAs for two major reasons: to control excess reactivity and to flatten power 
distribution. There are three types of BAs commonly used at present. Gadolinium oxide (Gd2O3) has 
been used in most PWRs. Gadolinium has a high absorption cross section, so the efficiency of Gd2O3 
is high. However, since Gd2O3 is used in a mixture with UO2, higher BA content reduces the amount of 
fissile isotopes in the FA. Also, the 235U enrichment in the fuel, with Gd2O3, should be lower than 2 w/o 
because of the low heat conductivity of UO2-Gd2O3. These two factors can decrease the reactor cycle 
length. After the burnout of the gadolinium, there still remains a residual reactivity hold-down effect 
caused by the even mass number daughter isotopes of 155Gd and 157Gd [3]. Pin peak control also 
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becomes more difficult as the number of Gd2O3 rods increases. The Integral Fuel Burnable Absorber 
(IFBA) developed by Westinghouse (WH) has a thin coating of ZrB2 on the perimeter of the fuel pellets. 
IFBAs can be loaded within an FA in a variety of patterns with 8, 16, 64, or 104 IFBAs. The advantage 
of IFBA is the reduction of the peak pin power in the FA and the minimum displacement of uranium 
with BA materials in a fuel rod. IFBA can be loaded in such a way that over 99% of the absorber 
materials are burned in the first 120 days of operation, but this early burnout is not a desirable feature 
for a long cycle operation. There are some additional disadvantages of IFBA. The first one is the 
production of helium caused by the reaction between 10B and neutrons. The helium gas increases the 
internal pressure of the fuel rods. The second one is that the spatial self-shielding effect is low due to 
the fact that BAs are distributed over fuel rods in FAs. A Wet Annular Burnable Absorber (WABA) was 
also developed by WH and is used for reactivity control of MOX assembly [4]. Al2O3-B4C annular 
pellets of Zircaloy are placed in a central, flow-through water region. The advantage of a WABA is its 
high efficiency, but the disadvantages are the flow area reduction due to its replacement of water in 
guide tubes and its inability to be installed at the control rod positions. 
In this thesis, a new concept of BA and reflector will be presented for use in advanced PWRs. 
The new BA is a UO2-157Gd2O3 rod coated with a thin layer of 167Er. The new BA has three major 
differences from the existing UO2-Gd2O3 rod. First, enriched 157Gd is used to reduce the amount of 
Gd2O3 in the UO2-Gd2O3 while maintaining the neutron absorption capability. Second, the fuel pellets 
are coated with a ZrEr2 layer, which is useful for reducing the amount of UO2 displaced by the BA 
materials and to load more BAs in the FA. The last difference is the usage of enriched 167Er. This helps 
to reduce the residual penalty of BA and to extend the cycle length. This thesis will demonstrate the 
advantages of the new BA rods in FAs and equilibrium cores. Furthermore, a new design of Zircaloy 
reflector will be presented to improve the core performance of commercial PWRs. The effect of 
Zircaloy as a reflector is good due to recoiled fast neutrons. Therefore, it will supplement the core for 
low boron operation since the uranium enrichment of commercial fuel is limited up to 5w/o. The 
performances of different reflectors are analyzed with equilibrium PWR cores. Reflector materials used 
for the tests are water, stainless steel (SS), and Zircaloy. The Studsvik’s design code system, CASMO-
4E/CMSLINK/SIMULATE-3, is used for this study with ENDF/B-VI library [5-7]. SERPENT code is 
used for this study with ENDF/B-VI library [8]. 
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II. Burnable Absorber Design 
2.1. New Concept of Burnable Absorber 
The requirements for a high performance BA for advanced PWRs are demonstrated in Figure 1: 1) 
a suitable amount of excess reactivity needs to be provided at BOC: 2) a long cycle operation should be 
achievable: 3) the BA’s burning rates should be maintained to be as flat as possible, and 4) the EOC 
residual absorber penalty should be minimized. Considering the above four requirements, two single 
isotopes are selected for the new design of a hybrid BA. Since natural element BA materials will leave 
their daughter isotopes after burning, a residual poisoning effect remains until EOC [9]. If the BA 
consists of a single absorber isotope, the EOC residual poisoning penalty decreases. A single isotope 
can be produced by laser isotope separation. 157Gd and 167Er were selected for the new hybrid BA. 167Er 
can burn at a flat rate for 4 years, which makes it suitable for a long cycle operation. 
 
 
Figure 1. Ideal BA design requirements. 
 
A new BA named R-BA is shown in Figures 2 and 3. The BA material is ZrEr2, which uses only 
167Er isotope. The ZrEr2 ring surrounds the fuel rod as in the geometry of IFBA [10]. The mass fraction 
ranges from 5 w/o to 30 w/o, and the thickness ranges from 60 μm to 500 μm. The test models are a 
17x17 WH type FA, and a 16x16 CE type FA. There are three types of rods used in the CE type assembly: 
a normal fuel rod, a fuel zoning rod, and a BA rod. The fuel zoning rod is placed near water holes where 
more neutron moderation occurs than the places where the normal fuel rods are placed. The enrichment 
of 235U in an existing fuel zoning rod is lower by 0.5 w/o than a normal fuel rod to control the power 
peak as shown in Figure 4. The R-BA is used for fuel zoning instead of adjusting 235U enrichment. The 
235U enrichment is the same as the normal fuel rod. The ZrEr2 ring is coated inside the cladding. The 
space for air gap and the thickness of cladding should be kept as in the original design, so the diameter 
of the fuel rod decreases as in Figure 2. The other kind of rod is a BA rod with a mixture of UO2 and 
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Gd2O3. Natural gadolinium is used and its mass fraction of Gd2O3 is 6-8 w/o as in Figure 5. Therefore, 
235U enrichment should be lower than 2 w/o in the mixture because of the low thermal conductivity of 
Gd2O3. In order to overcome this limitation, the R-BA can be used instead of an existing BA rod. A 
ZrEr2 ring encloses the UO2-Gd2O3 rod as in Figure 3. 157Gd has the highest absorption cross section 
among Gd isotopes, as in Figure 6 [11], so its efficiency can be higher even in smaller amounts of BA. 
Therefore, a single isotope, 157Gd, is used in UO2-Gd2O3 and the mass fraction of Gd2O3 in UO2-Gd2O3 
is smaller than that of the conventional Gd BA. If the mass fraction of Gd2O3 is lower than 2 w/o, then 
there is no penalty in thermal conductivity and the 235U enrichment in UO2-Gd2O3 can be the same as 
that of normal fuel rods. There are two types of rods used in a WH type assembly: normal fuel rods and 
BA rods. The design concept of BA rods for a WH type assembly is the same as that of a CE type 
assembly. 
 
 
Figure 2. Cross Sectional View of Enrichment Zoning Rod with R-BA. 
 
 
Figure 3. Cross Sectional View of Gd Rod with R-BA. 
 
 
Figure 4. Cross Sectional View of Existing Enrichment Zoning Rod. 
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Figure 5. Cross Sectional View of Existing Gd Rod. 
 
 
Figure 6. Gd Absorption Cross Section (BROND-2.2). 
 
2.2. Performance Test in 2D Fuel Assembly 
2.2.1. 2D Westinghouse FA test 
The 17x17 FA cross sectional view is shown in Figure 7. There are 244 normal fuel pins, 20 BA 
pins, and 25 guide tubes in an assembly. The boron concentration in the FA is fixed at 0 ppm. There are 
4 test cases for BA rods in Table 2. Case 1 is the conventional Gd2O3-UO2 BA rod with natural Gd. 
Cases 2 to 4 use 157Gd 2O3-UO2 and cases 3 and 4 adopt R-BA additionally around the 157Gd2O3-UO2 
rod. It should be noted that only the single isotope 157Gd is used in cases 2 ~ 4. 
 
6 
 
  
Figure 7. Cross Sectional View of 17x17 WH type FA. 
 
Table 2. 17x17 WH Test Cases 
Case number 
BA rod 
BA cladding 
Gd2O3 (w/o) 235U (w/o) 
1 Natural Gd 8.0 % 2.60 % None 
2 157Gd 2.0 % 4.65 % None 
3 157Gd 1.5 % 4.65 % 167Er 25%, 50μm thick 
4 157Gd 1.5 % 4.65 % 167Er 10%, 500μm thick 
 
The test results are summarized in Table 3 and Figures 8-12. Figure 8 shows the behavior of kinf 
over the depletion. It should be noted that, when the BA consists of single isotope 157Gd rather than the 
natural Gd, the total fuel mass increases accordingly due to the reduced BA fraction, and that the cycle 
length of case 2 becomes longer than that of the case 1. The cycle length of case 2 is actually the longest 
among all the cases. It is also noted that, for cases 3 and 4, the total fuel masses are smaller than that of 
case 1 due to the fuel replacement with 167Er ring BA and the 235U enrichment stays the same as a normal 
fuel pin thanks to the low BA fraction due to157Gd. Therefore, the fissile masses of cases 3 and 4 are 
higher than those of case 1. When the R-BA of case 4 is used as BA in the FA, the total fuel mass 
decreases by 1.6 % and the total fissile mass increases by 2.0 % compared to case 1 with the 
conventional BA. The fuel cycle length of case 4 increases by 4.7 % from that of case 1. Figure 9 
presents the behavior of pin peak values over the assembly depletion. It is noted that a second pin peak 
occurs in case 2 which can be attributed to the pin power increase at the BA rod after the burnout of 
157Gd. In cases 3 and 4, the second pin peak does not occur since Er burns more slowly than Gd and 
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therefore Er in the R-BA prevents the second pin peak even after the Gd burns out. The pin peaks of 
cases 3 and 4 are lower than that of case 1. Figure 10 presents the MTCs at each burnup step for all 
cases. Case 4 has the most negative MTC among all cases. The 167Er has huge resonances in the thermal 
energy region as shown in Figure 12. When the moderator temperature increases, the thermal flux 
spectrum becomes hardened and shifts to the resonance of 167Er so that the neutron spectrum overlaps 
with the large absorption resonance of 167Er. The increased neutron absorption by 167Er makes the MTC 
more negative. Figure 11 shows the rod worth at each burnup step for all cases. The material of the 
control rod is Ag-In-Cd which is used in a WH type PWR core. The rod worth of case 3 is the highest 
among all cases. A larger rod worth implies a higher shutdown margin of the core. 
 
Table 3. WH Type FA Test Results 
Test case 1 2 3 4 No BA 
Cycle length (MWD/kg) 39.50 41.42 41.40 41.35 41.00 
Fuel mass at BOC (g/cm) 1396.20 1398.10 1395.70 1373.90 1398.80 
Fissile mass at BOC (g/cm) 55.17 57.22 57.15 56.27 57.34 
235U enrichment at BOC (w/o) 4.51 4.65 4.65 4.65 4.65 
 
 
Figure 8. kinf vs. Burnup. 
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Figure 9. Pin Peak vs. Burnup. 
 
 
Figure 10. MTC vs. Burnup. 
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Figure 11. Rod Worth vs. Burnup. 
 
 
Figure 12. Neutron Energy Spectrum and 167Er Absorption Cross Section. 
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2.2.2. 2D Combustion Engineering FA test 
The second FA test model is a 16x16 CE type FA. The cross sectional view is shown in Figure 13. 
There are 164 normal fuel pins, 52 fuel zoning pins, 20 BA pins and 5 guide tubes in the assembly. The 
boron concentration in the FA is fixed at 500 ppm. The results of four test cases on fuel zoning and BA 
rods are displayed in Tables 4 and 5. Table 4 summarizes the fuel zoning test cases. The first case is the 
conventional FA, applying fuel zoning with 0.55 w/o enrichment difference. The second case uses an 
R-BA of 40 μm thickness with 167Er of 2 w/o surrounding the fuel rod. The radius of the fuel rod 
decreases according to the amount of the R-BA. Table 5 summarizes the BA rod test cases. The first 
case is the existing BA rod adopting Gd2O3-UO2 with natural Gd of 8.0 w/o. The 235U enrichment in the 
Gd2O3-UO2 is 2.0 w/o due to the low thermal conductivity of Gd2O3. The second case uses the R-BA 
surrounding the Gd2O3-UO2 rod. The thickness of the R-BA is 400 μm and the weight percentage of 
167Er is 10 w/o. The content of Gd is 1.5% due to the high cross section of 157Gd. When the weight 
percentage of Gd2O3 is lower than 2.0 w/o, the 235U enrichment stays the same as normal fuel pins. The 
test case naming rule in Tables 4 through 6 and Figures 14 through 17 is as follows: ‘wo’ means fuel 
zoning with fuel enrichment, ‘R-BA’ means fuel zoning with R-BA, ‘Gd’ means BA rod with existing 
Gd2O3-UO2, and ‘R-BA’ means BA rod with R-BA and 157Gd2O3-UO2. 
 
  
Figure 13. 16x16 CE type FA Cross Sectional View. 
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Table 4. Fuel Zoning for 16x16 CE Type FA 
Test case Fuel zoning 235U (w/o) Er ring 
wo/Gd Enrichment control 4.65/4.10 None 
R-BA/Gd Er-ring on fuel rod 4.65/4.65 40μm, 2% 
wo/R-BA Enrichment control 4.65/4.10 None 
R-BA/R-BA Er-ring on fuel rod 4.65/4.65 40μm, 2% 
 
Table 5. BA rods for 16x16 CE Type FA 
Test case 
BA rod 
Er ring 
Gd2O3 (w/o) 235U (w/o) 
wo/Gd Natural Gd 8.0 % 2.00 % None 
R-BA/Gd Natural Gd 8.0 % 2.00 % None 
wo/R-BA 100% 157Gd 1.5 % 4.65 % 167Er 10%, 400μm thick 
R-BA/R-BA 100% 157Gd 1.5 % 4.65 % 167Er 10%, 400μm thick 
 
Table 6 and Figures 14 through 17 show the test results. Figure 14 shows the behavior of kinf over 
the depletion. The cycle length of ‘R-BA/R-BA’ is the longest among all the cases. The total fuel mass 
is 1.9 % smaller and fissile mass 6.2 % higher compared with the ‘wo/Gd’ case. The cycle length of ‘R-
BA/R-BA’ is 10.3 % longer than ‘wo/Gd’. When using R-BA, the 235U enrichment in the FA is conserved, 
so the total fissile amount increases. It causes the extension of the fuel cycle length. Figure 15 presents 
the pin peak variations over the depletion. The pin peak is lower when fuel zoning is controlled by 
enrichment. Figure 16 shows the MTC at each burnup step. The ‘R-BA/R-BA’ case has the most 
negative MTC among all the cases. The huge absorption resonance of 167Er in the thermal neutron 
energy region makes the MTC more negative. Figure 17 presents the rod worth at each burnup step. 
The control rod material is B4C which is typical for CE type PWR cores. It is noted that the rod worth 
is larger when R-BA is used. 
Table 6. 16x16 CE Type FA Test Results 
Test case wo/Gd R-BA/Gd wo/R-BA R-BA/R-BA No BA 
Cycle Length (MWD/kg) 32.67 33.78 34.90 36.02 36.00 
Fuel mass at BOC (g/cm) 1308.90 1303.30 1290.10 1284.50 1310.60 
Fissile mass at BOC (g/cm) 49.54 50.72 51.42 52.60 53.72 
Enrichment at BOC (w/o) 4.32 4.44 4.53 4.65 4.65 
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Figure 14. kinf vs Burnup. 
 
 
Figure 15. Pin Peak vs. Burnup. 
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Figure 16. MTC vs. Burnup. 
 
 
Figure 17. Control Rod Worth vs. Burnup. 
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2.3. Performance Test in 3D PWR core 
An additional test was performed in a PWR equilibrium core with 16x16 CE type FAs. Test cases 
are described in Tables 7 and 8. Table 7 describes the fuel zoning rod for each case. Table 8 describes 
the BA rod for each case. The ‘wo/Gd’ case uses existing FA in the current PWRs. The ‘R-BA/R-BA’ 
case uses R-BA in both the fuel zoning rod and BA rod, while ‘wo/Gd-more’ uses more BA rods to 
lower the critical boron concentration in the equilibrium cycle. The OPR-1000 core model is chosen for 
the test, which is the most common type of nuclear power plant in Korea. The core power rating is 2815 
MWt and the nuclear fuel is PLUS7 which is a 16x16 CE FA type. The total number of FAs is 177. The 
fuel loading pattern for the equilibrium core is shown in Figure 17. Table 9 summarizes the FA 
information for the ‘wo/Gd’ case. 
 
Table 7. Fuel Zoning Rod for Core Test Cases 
Test case Fuel zoning 235U (w/o) Er-ring 
wo/Gd Enrichment control 4.5/4.0 None 
R-BA/Gd Er-ring on fuel rod 4.5/4.0 40μm, 2% 
wo/R-BA Enrichment control 4.5/4.0 None 
R-BA/R-BA Er-ring on fuel rod 4.5/4.0 40μm, 2% 
wo/Gd-more Enrichment control 4.5/4.0 None 
 
Table 8. BA Rod for Core Test Cases 
Test case 
BA rod 
Er ring 
Gd2O3 (w/o) 235U (w/o) No. of pins 
wo/Gd Natural Gd 6.0 or 8.0 % 2.0 % 20 None 
R-BA/Gd Natural Gd 6.0 or 8.0 % 2.0 % 20 None 
wo/R-BA 100% 157Gd 1.5 % 4.5 % 20 167Er 10%, 400μm thick 
R-BA/R-BA 100% 157Gd 1.5 % 4.5 % 20 167Er 10%, 400μm thick 
wo/Gd-more Natural Gd 6.0 or 8.0 % 2.0 % 24 None 
 
15 
 
 
Figure 18. OPR-1000 Equilibrium Core Loading Pattern. 
 
Table 9. Fuel Types 
FA type 
235U enrichment (w/o) 
(Normal/Fuel Zoning) 
No. fuel rods 
(Normal/Fuel Zoning) 
No. of Gd rod Gd2O3 content (w/o) 
P0 4.5/4.0 184/52 - - 
P1 4.5/4.0 176/52 8 6.0 
P2 4.5/4.0 172/52 12 6.0 
P4 4.5/4.0 168/52 16 8.0 
P5 4.5/4.0 172/52 12 8.0 
 
The test results are described in Figures 18 and 19, and Table 10. The initial boron concentrations 
for both the ‘R-BA/R-BA’ and ‘wo/Gd-more’ cases are around 1000 ppm, as shown in Figure 18. 
Compared with the ‘wo/Gd-more’ case, however, the tendency change of the 3D pin peaking factor (Fq) 
of the ‘R-BA/R-BA’ case is smaller, as shown in Figure 19. It is noted that, with the total fuel loading, 
smaller than the ‘wo/Gd-more’ case by 2.6 MT, the ‘R-BA/R-BA’ case shows a cycle length of 10 days 
longer and its MTC is more negative. 
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Figure 19. Critical Boron Concentration vs. Burnup (EFPD) 
 
 
Figure 20. 3-D Pin Peak Power vs. Burnup (EFPD) 
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Table 10. Core Calculation Results 
Case 
Cycle length Core Loading 
(MT) 
Initial boron 
concentration (ppm) 
MTC (pcm/K) 
(day) (GWD/MT) HFP HZP HFP HZP 
wo/Gd 437 15.965 77.06 1322 1948 -28.73 -3.87 
R-BA/Gd 422 16.000 74.60 1098 1721 -35.62 -8.59 
wo/R-BA 436 16.000 76.70 1321 1948 -29.84 -4.84 
R-BA/R-BA 435 16.599 74.34 1025 1647 -38.02 -11.00 
wo/Gd-more 425 15.549 76.91 1029 1745 -35.59 -8.41 
* MTC Perturbation = 2.78 K 
 
Table 11 presents the comparison between the ‘R-BA/R-BA’ case and ‘wo/Gd-more’ case. The total 
fuel loading of the ‘R-BA/R-BA’ case is 4.17 % smaller than that of the ‘wo/Gd-more’ case for the same 
number of FAs, and the average 235U enrichment of the ‘R-BA/R-BA’ case is 5.62 % higher. Therefore, 
it makes the total fissile fuel amount of the ‘R-BA/R-BA’ case larger by 10.71 %. The cycle length of 
the ‘R-BA/R-BA’ case is 10 days longer than that of the ‘wo/Gd-more’ case due to the larger fissile 
amount in the core. 
 
Table 11. The comparison between ‘R-BA/R-BA’ case and ‘wo/Gd-more’ case 
Parameters R-BA/R-BA wo/Gd-more 
Fresh Fuel Loading (kg) 2.88E+04 3.00E+04 
235U Loading (kg) 1.23E+03 1.20E+03 
235U Enrichment (w/o) 4.26 4.00 
EFPD (day) 435 425 
 
III. Reflector Design 
R-BA enables low-boron operation as shown in Table 10. However, EFPD is 2 days shorter than 
the reference case, which is ‘wo/Gd’. Therefore, the reflector material test was simulated to supplement 
the fuel cycle length. Pressurized Reactors (EPR), developed by AREVA [12], adopted SS as a reflector 
material, whereas all the PWRs in the Republic of Korea use water reflectors with a thin steel baffle. 
Zircaloy reflectors have been studied at several research centers [13]. Most research results are provided 
at the first cycle or Beginning of Cycle (BOC). However, in this thesis, the performance tests of the 
new reflector materials have been performed with equilibrium cores, OPR-1000, with 16x16 
Combustion Engineering (CE) fuel type. 
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3.1. Performance Test in 2D Fuel Assembly 
The aim of following three sensitivity tests is to find an optimal reflector model for 3D whole PWR 
core simulation. These tests are calculated and analyzed with 2D FA-reflector models which are the 
same models as when CASMO codes generate a library for SIMULATE codes. They consist of reflector 
thickness optimization, water hole size in reflectors and a material homogeneity test. 
 
3.1.1. Thickness Sensitivity Test 
The first test was a thickness sensitivity test. CASMO-4e code is used for this test. The tested 
model geometry is that of the metal reflector beside the FA, as shown in Figure 21. The two types of 
reflector materials are both Zircaloy and SS. The other tested model is that of water reflector with 2.223 
cm of SS baffle beside the FA as shown in Figure 22. The keff is plotted as showing an increase in the 
thickness range of reflectors from 0 cm to 60 cm by 5 cm. 
 
 
Figure 21. FA-Metal reflector test case geometry 
 
 
Figure 22. FA-Water reflector test case geometry 
 
keff difference according to reflector thickness is as shown in Figure 23. The reference keff is that of 
FA without a reflector whose boundary condition is given as void. The keff difference becomes larger as 
the reflector thickness is thicker. The difference is saturated at 30 cm, and therefore can take enough 
effect and not waste the amount of material when the thickness is 30 cm. The reflector thickness is set 
to 30 cm in other tests. 
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Figure 23. Δkeff vs. Reflector thickness 
 
3.1.2. Waterhole Size Test 
The second test is a waterhole size test. The metal reflector needs water holes for thermal 
conduction. Heat conduction improves as the waterhole size increases and neutron reflection decreases. 
This section tests the impact of water fraction in the reflector. The geometries of the reflectors are 
separated into two parts of different water fractions, 5 % and 15%, as shown in Figures 24 and 25. 
 
 
Figure 24. FA-Reflector water fraction test case geometry-1 
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Figure 25. FA-Reflector water fraction test case geometry-2 
 
When a higher water fraction reflector is placed beside the FA, the effect of the metal reflector was 
weak due to the absorption cross section of water. The keff of a higher water fraction reflector is about 
370 pcm lower than that of a lower water fraction reflector, as shown in Table 12. Therefore, the 
reflector is designed as in Figure 24, and applied to the OPR-1000 simulation. This geometry consists 
of an inside reflector with a low water fraction to increase neutron reflection, and an outside reflector 
with a high water fraction to enhance thermal conduction. 
 
Table 12. Water fraction results 
5:15 keff 0.99614 
15:5 keff 0.99245 
Difference (pcm) 369 
 
3.1.3. Material Homogeneity Test 
The third test is a material homogeneity test. If there are water holes in the reflector, the geometry 
becomes complicated. CASMO-4e codes, however, generate reflector libraries with simplified 
geometry and homogenized material. The material homogeneity test is calculated by SERPENT-v1.9. 
There are two types of test models and their materials are made up of Zircaloy and water. One is a 
homogenized material reflector as shown in Figure 26. The other is a heterogeneous material reflector 
as shown in Figure 27. The number density of the two models are the same. 
 
 
Figure 26. FA-Reflector homogeneity test case geometry 
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Figure 27. FA-Reflector heterogeneity test case geometry 
 
Test results are as shown in Table 13. The standard deviation of both test results are 6 pcm. The 
difference is almost the same as 1 pcm. This means that material homogeneity has little effect on the 
result when simulating CASMO/SIMUATE. 
 
 
Table 13. Material homogeneity results 
Hetero keff 1.17553 
Homo keff 1.17552 
Difference (pcm) 1 
 
3.1.4. Optimized Reflector 
Optimized reflectors for OPR-1000 simulations are decided before three tests are carried out. The 
metal reflector is as shown in Figure 28, whose water fraction is the same as that shown in Figure 26. 
The water reflector is as shown in Figure 29 which illustrates water being placed outside the SS baffle. 
Neutron currents are plotted by SERPERNT-v1.9 for neutronics analysis. The detector for the neutron 
tally is placed between the FA and reflector. 
 
 
Figure 28. Cross Sectional View of Test Model 
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Figure 29. Cross Sectional View of Test Model 
 
The energy range for plotting is from 10-9 MeV to 10 MeV and it is divided into 70 groups with 
the same neutron lethargy. The outgoing current spectrum is as shown in Figure 30. Outgoing currents 
are similar each other. However, the spectrum of the water reflector is not greatly softened due to 
neutron moderation.  
 
 
Figure 30. Outgoing Current 
 
The incoming current spectrum, which is as shown in Figure 31, shows the advantage of Zircaloy 
reflectors. The spectrum can be explained by the cross sections of water, iron and zirconium. Both 
scattering cross sections and absorption cross sections of three materials are plotted by JANIS-4.0 with 
ENDF/B-VI library as shown in Figure 32 and 33 [11]. Compared to the water reflector, the fast 
neutrons of the core with metal reflectors are more reflected into the core due to their low absorption 
cross sections. In the fast energy region, Zircaloy can reflect more neutrons than SS due to its higher 
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scattering cross section. In addition to this, Zircaloy can reflect more neutrons at low energy range 
(<100eV) due to the low absorption cross section. These two effects create the advantages that make 
Zircaloy a good reflector. 
 
 
Figure 31. Incoming Current 
 
 
Figure 32. Scattering XS 
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Figure 33. Absorption XS 
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3.2. Performance Test in 3D PWR core 
On the basis of the 2D FA-reflector tests, the performance of the optimized reflectors were analyzed 
in the first cycle and equilibrium cycle of OPR-1000. CASMO-4E models the reflectors in 2D geometry 
[5] and generates two-group cross section libraries for CMSLINK and SIMULATE-3 [6, 7]. 
 
3.2.1. OPR-1000 First Cycle  
The loading pattern of the first cycle core is shown in Figure 34 which uses 3-batch fuel loading. 
The average uranium enrichment in the core is 2.4 w/o. 
 
  
Figure 34. Loading Pattern for Cycle 01 
 
The boron letdown curves of three cases are presented in Figure 35 and the power peaking factors, 
Fq, of the three cases are shown in Figure 36. Three reflector materials are tested for the increase of the 
cycle lengths: Zircaloy, SS, and water. It is shown that the cycle length of the core with Zircarloy 
reflector is longer than the others. The frequency of the Zircaloy reflector is higher than the others, 
because the loading pattern is optimal pattern for water reflector. Therefore, high enriched fuel 
assemblies are loaded on the outside of the core for power flattening. This affects power deviation, as 
shown in Figure 37-39, so the power deviation of the Zircaloy reflector is the highest among the three 
reflectors. Table 14 summarizes core parameters for the three reflectors. When Zircaloy is used as a 
reflector material, the fuel cycle increases by about 50 days. 
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Figure 35. Boron Letdown Curve vs. EFPD in Cycle 01 
 
 
Figure 36. Fq vs. EFPD in Cycle 01 
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Figure 37. Assembly Power Distribution of Water Reflector Core at BOC 
 
 
Figure 38. Assembly Power Distribution of SS Reflector Core at BOC 
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Figure 39. Assembly Power Distribution of Zircaloy Reflector Core at BOC 
 
Table 14. Core Parameters of Cycle 01 
 Water SS Zircaloy 
Cycle Length (EFPD) 372 398 423 
Fq at BOC 2.02 2.17 2.37 
Maximum Power 1.30 1.29 1.49 
Minimum Power 0.60 0.58 0.43 
Power Difference 0.70 0.71 1.05 
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3.2.2. OPR-1000 Equilibrium Cycle  
 
The loading pattern of the equilibrium core is shown in Figure 40 which uses 3-batch fuel loading. 
The average uranium enrichment in the core is 4.5 w/o. 
 
 
Figure 40. Loading Pattern for Equilibrium Cycle 
 
The boron letdown curves of the three cases are presented in Figure 41 and the power peaking 
factors, Fq, of the three cases are shown in Figure 42. Initial boron concentrations of all the cases are 
around 1300 ppm but the cycle lengths are different. Three reflector materials are tested for the increase 
of the cycle lengths: Zircaloy, SS, and water. It is shown that the cycle length of the core with Zircarloy 
is longer than the others. Fq of Zircaloy reflector is the lowest because of the loading pattern. Twice 
burned fuel assemblies are located near the reflector, so they can burn out due to recoiled neutrons from 
the Zircaloy reflector. Therefore, the radial power distribution is flatter than that of other cases, and the 
power peak is also lower than that of other cases, as shown in Figures 43-45. Table 15 summarizes the 
comparison of the core parameters depending on the type of reflector material. If the reflector material 
is made of Zircaloy, the fuel cycle length increases by about 19 days compared with a water reflector. 
The Fq is also lower than the other reflectors. 
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Figure 41. Boron Letdown Curve vs. EFPD of Equilibrium Cycle 
 
 
Figure 42. Fq vs. EFPD of Equilibrium Cycle 
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Figure 43. Assembly Power Distribution of Water Reflector Core at BOC 
 
 
Figure 44. Assembly Power Distribution of SS Reflector Core at BOC 
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Figure 45. Assembly Power Distribution of Zircaloy Reflector Core at BOC 
 
Table 15. Core Parameters of Equilibrium Cycle 
 Water SS Zircaloy 
Cycle Length (EFPD) 448 458 467 
Fq at BOC 2.05 1.98 1.91 
Maximum Power 1.45 1.40 1.36 
Minimum Power 0.27 0.32 0.38 
Power Difference 1.18 1.08 0.97 
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3.2.3. Zircaloy reflector core with R-BA 
This section compares the reference core and ‘R-BA/R-BA’ core. Both cores are adopted Zircaloy 
reflectors [15]. The boron letdown curve is as shown in Figure 46. Boron concentration of ‘R-BA/R-
BA’ case is about 300 ppm lower than that of the reference case. However, the fuel length of the ‘R-
BA/R-BA’ case is 7 days longer than that of the reference case. Furthermore, initial Fq of the‘R-BA/R-
BA’ case is lower than that of the reference case, as shown in Figure 47. Low-boron operation is possible 
when R-BA is used as both fuel zoning and BA. In additional, Zircaloy reflector strengthens the 
advantages of R-BA in terms of neutronics and safety. 
 
 
Figure 46. Boron letdown curve 
 
 
Figure 47. Fq vs. burnrup 
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IV. Conclusion 
This thesis presented a new high performance BA and a reflector for advanced PWRs aiming at a 
long-cycle operation with a low soluble boron concentration. The new BA consists of a UO2-157Gd2O3 
rod covered with a thin layer of Zr167Er2. Two key features of the new BA are 1) that the BA covers the 
fuel rod, and 2) that enriched isotopes, 157Gd and 167Er, are used as absorber materials which can reduce 
the residual penalty at EOC and increase the thermal margin of the core. The advantages of the new R-
BA have been demonstrated using three test cases: a 17x17 WH type FA, a 16x16 CE type FA, and an 
OPR-1000 equilibrium core. The advantages can be summarized as follows: 1) Initial boron 
concentration decreases by about 300 ppm, which can help the reduction of radioactive waste from 
coolant boration and dilution. 2) The core MTC becomes more negative which can contribute to core 
safety. 3) The control rod worth increases and it will increase the core shutdown margin. The advantages 
of 2) and 3) are caused by the high absorption resonance of 167Er in the thermal neutron energy region. 
4) The cycle length of the core using R-BA is longer by 10 days than that of the core using conventional 
Gd2O3 rods. The advantages of Zircaloy as a reflector can be summarized as: 1) The power difference 
with a Zircaloy reflector is smaller than those seen with other reflectors which means more flattened 
power distribution thanks to the higher reflection of leaked neutrons. 2) The twice burned fuels located 
at the core periphery could be burned more by neutrons reflected by a Zircaloy reflector. 3) Therefore, 
the cycle length increases by 19 days compared to that seen with a water reflector, which is also 9 days 
longer than that with an SS reflector. In conclusion, R-BA and Zircaloy reflectors has competitiveness 
in its performance in advanced PWRs. 
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